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Abstract 
The objective of the present study is to find both the analytical and numerical solutions of the unsteady hydromagnetic natural 
convective radiating fluid flow of an incompressible, viscous Boussinesq’s fluid past an infinite vertical plate embedded in a 
porous medium with heat and mass transfer in presence of hall current. The Rosseland approximation for an optically thick fluid 
is invoked to describe the radiative flux. Mathematical model of this mechanism has been constructed in the form of partial 
differential equations and are solved by an efficient finite element method as well as by Perturbation technique. A parametric 
study of the physical parameters is made, and a representative set of numerical results for the velocity, temperature and 
concentration are presented graphically as well as local shear stress and local Nusselt and Sherwood numbers are presented in 
tabular forms. The comparison of the analytical and numerical results is very good indicating the correctness of the present 
analysis and its applicability. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the organizing committee of ICCHMT – 2015. 
Keywords: MHD, Natural convection, Thermal radiation, Hall current, Finite element method.
1. Introduction 
Considerable attention has been given to the unsteady free convection flow of viscous incompressible, 
electrically conducting fluid in presence of applied magnetic field in connection with the theories of fluid motion in 
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the liquid core of the Earth and also meteorological and oceanographic applications. In recent years, the analysis of 
hydromagnetic flow involving heat and mass transfer in porous medium has attracted the attention of many scholars 
because of its possible applications in diverse fields of science and technology such as-soil sciences, astrophysics, 
geophysics, nuclear power reactors etc. In geophysics, it finds its applications in the design of MHD generators and 
accelerators, underground water energy storage system etc. It is worth-mentioning that MHD is now undergoing a 
stage of great enlargement and differentiation of subject matter. These new problems draw the attention of the 
researchers due to their varied significance, in liquid metals, electrolytes and ionized gases etc. In addition, the 
applications of the effect of Hall current on the fluid flow with variable concentration have been seen in MHD 
power generators, astrophysical and meteorological studies as well as in plasma physics. Srinivasacharya et al. [1] 
initiated analytical solutions for the effects of Hall and Ion-slip on mixed convection flow of Couple Stress fluid 
between parallel discs. Sivaiah et al. [2] investigated the effect of heat and mass transfer on the unsteady 
magnetohydrodynamic free convective flow with Hall current, heat source, and viscous dissipation. The problem is 
governed by the system of coupled non-linear partial differential equations whose exact solution is difficult to 
obtain. Therefore, the problem is solved by using the Galerkin finite element method. Anand Rao et al. [3] studied 
the effects of Hall currents, Soret and Dufour on MHD flow and heat transfer along a porous flat plate with mass 
transfer. 
Nomenclature 
o
B  Magnetic field component along 
−
′y  axis; 
pC  Specific heat at constant pressure; Gr Grashof number; Gc  Modified Grashof number; 
g  Acceleration of gravity;  K ′ The permeability of medium;  K  The permeability parameter;  M  Hartmann number;  Pr Prandtl number; 
Sc Schmidt number;  F Thermal radiation parameter;  T ′  Temperature of fluid near the plate;  wT ′  Temperature of the fluid far away of the 
fluid from the plate;  
∞
′T  Temperature of the fluid at infinity;  C ′  Concentration of fluid near the plate;  
wC ′  Concentration of the fluid far 
away of the fluid from the plate;  D  Chemical molecular diffusivity;  
∞
′C Concentration of the fluid at infinity;  u′  Velocity component in 
−
′x  direction; u  Dimensionless velocity component in −′x direction;  w′  Velocity component in −′z  direction; w  Dimensionless 
velocity component in −′z direction;  t  Time; Nu , Nusselt number (or) Rate of heat transfer; Sh  Sherwood number (or) Rate of mass 
transfer; 
xe
R  Reynold’s number; K  Chemical reaction of first order with rate constant; oU Reference velocity; oV Suction velocity;     
Greek symbols: κ  Thermal conductivity of the fluid; σ  Electrical conductivity of the fluid;  β  Coefficient of volume expansion for heat 
transfer; φ  Concentration of the fluid; *β Coefficient of volume expansion for mass transfer; ν Kinematic viscosity;  θ  Non-dimensional 
temperature; ρ  Density of the fluid;  τ  Skin-friction. 
In all the above studies thermal radiation effect is neglected. Thermal radiation effects on heat and mass transfer are 
of greater importance in many processes and have, therefore, received a considerable amount of attention in recent 
time. It is applied in engineering fields and physiology such as transpiration, cooling gaseous diffusion and blood 
flow in arteries. Radiative heat and mass transfer play important roles in the design of spacecraft, filtrations 
processes, the drying of porous material in textiles industries solar energy collector and nuclear reactors. Raju et al.
[4] and Srinivasacharya et al. [5-6] studied the effects of thermal radiation on  natural convection  problems  with 
various physical boundary conditions 
The main purpose of the present investigation is to study the effects of Hall current, and thermal radiation 
on an unsteady MHD natural convection heat and mass transfer flow past a vertical porous plate. It is assumed that 
the plate is embedded in a uniform porous medium and oscillates in time with a constant frequency in the presence 
of a transverse magnetic field. The governing equations are solved numerically using finite element technique as 
well as by Perturbation technique. Numerical results for special cases are compared with analytical results. 
Numerical results are reported for various values of the physical parameters of interest. The paper has been arranged 
as follows. The Sect. 2 deals with the mathematical model of the problem. The method of solution, the accuracy of 
analytical and numerical results are presented in Sect. 3. Numerical results and discussion are presented in Sect. 4. 
The conclusions have been summarized in Sect. 5.                  
2. Mathematical formulation
We now consider an unsteady flow of an electrically conducting fluid past an infinite vertical porous flat plate 
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taking into account the Hall current and heat source in presence of a uniform transverse magnetic field. Our 
investigation is restricted to the following assumptions:
i. All the fluid properties except the density in the buoyancy force term are constant. 
ii. The plate is electrically non-conducting. 
iii. The magnetic Reynolds number is so small that the induced magnetic field may be neglected. 
iv.
ep  is constant 
v. 0=E
With the following assumptions and the usual boundary layer and Boussinesq’s approximation are: 
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The local radiant absorption ( rq ) for the case of an optically thin gray gas (Muthucumaraswamy [7] and Raptis [8] 
expressed as  
( )44T4 Ta
y
q
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σ                                                                                                                (6) 
Here σ is Stefan-Boltzmann constant and a is the mean absorption coefficient. Following Muthucumaraswamy and 
Janakiraman (2006) and Raptis and Perdikis (2004) relation and others, we assume that the temperature differences 
within the flow are sufficiently small so that 4T ′ can be expressed as a linear function of T ′  after using Taylor’s 
series to expand 4T ′ about the free stream temperature 
∞
′T  and neglecting higher-order terms.  
This results in the following approximation: 
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In Equation (4) the viscous dissipation and Ohmic dissipation are ignored and in Equation (5), the term due to 
chemical reaction is supposed to be absent. 
Now using ( ) ( )tyTtyTVv ′′=′−′′′−=
∞
,,,0 θ  and ( ) ( )tyCtyC ′′=′−′′′ ∞ ,, φ
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Characteristic time 
o
t is defined according to the non-dimensional process mentioned above as
0V
t
o
υ
= . Let us 
introduce the following dimensionless quantities: 
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Equations (2), (3), (4) and (5) transform to the following non-dimensional forms, respectively
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The corresponding boundary conditions (9) in non-dimensional forms are  
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For practical engineering applications and the design of chemical engineering systems, quantities of interest include 
the following Skin friction coefficient, Couple stress coefficient, Nusselt number and Sherwood number are useful 
to compute.  
The local skin friction coefficient which signifies the surface shear stress is defined as: 
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The couple stress coefficient at the wall is given by 
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The local Nusselt number which embodies the ratio of convective to conductive heat transfer across (normal to) the 
boundary and is a quantification of the surface temperature gradient (heat transfer rate at the wall) is defined as: 
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Finally the local Sherwood number which encapsulates the ratio of convective to diffusive mass transport and 
simulates the surface mass transfer rate is defined as: 
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3. Method of Solution and Accuracy of Analytical and Numerical Solutions 
Finite element and Perturbation techniques are used to solving the non-dimensional momentum, energy and 
diffusion Equations (11) to (14) along with the imposed boundary conditions (15). In finite element technique, eight 
nodes quadrilateral elements were used in this study. The unknown field variables were approximated either by 
linear shape functions, which are defined by four corner nodes, or by quadratic shape functions, which are defined 
by all of the eight nodes. Mesh sensitivity analysis were done to arrive at the proper mesh sizes.  
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Table 1 Comparison values of local skin friction coefficient and couple stress coefficient by FEM and Perturbation Technique 
Hall parameter 
Finite Element Method Perturbation Technique 
local skin friction  
coefficient 
Couple stress 
coefficient 
local skin friction  
coefficient 
Couple stress coefficient 
0.5 2.325756798 3.023157864 2.3257567990 3.02315786301 
1.0 2.456947862 3.146408538 2.4569478630 3.14640853700 
1.5 2.588279843 3.269659212 2.5882798440 3.2696592110 
2.0 2.717853215 3.392909882 2.7178532160 3.39290988101 
Table 2 Comparison values of local Nusselt number and local Sherwood number by FEM and Perturbation Technique 
Nusselt number(Nu)
Radiation number 
Finite Element 
Method 
Perturbation 
Technique 
1.0 0.349673412 0.3496734130 
2.0 0.407029841 0.4070298420 
5.0 0.464386268 0.4643862690 
8.0 0.521746697 0.5217466980 
Table 3 Comparison values of local Sherwood number by FEM and Perturbation Technique 
Schmidt number 
Finite Element 
Method 
Perturbation 
Technique 
0.22 0.4348793152 0.4348793152 
0.30 0.4237549217 0.4237549217 
0.60 0.4196793421 0.4126793421 
0.78 0.3915820792 0.4015820792 
4. Results and Discussion 
Fig. 1. Primary velocity profiles for Grashof number for heat 
transfer 
Fig. 2. Primary velocity profiles for Grashof number for mass 
transfer 
In order to analyze the effects of Hall current, thermal buoyancy force, concentration buoyancy force, 
thermal diffusion, mass diffusion, thermal radiation and time on the flow-field, numerical values of the primary and 
secondary fluid velocities in the boundary layer region, computed from the numerical solutions are displayed 
graphically versus boundary layer coordinate Ș in Figs. 1-9 for various values of Hall current parameter m, Prandtl 
number Pr, Schmidt number Sc, thermal radiation parameter F and time t taking magnetic paramount permeability 
parameter K = 0.4. It is revealed from Figs. 1-6 that, for both ramped temperature and isothermal plates, primary 
velocity u and secondary velocity w attain a distinctive maximum value near surface of the plate and then decrease 
properly on increasing boundary layer coordinate Ș to approach free stream value. It is also noticed that the primary 
and secondary fluid velocities are slower in the case of ramped temperature plate than that of isothermal plate. Figs. 
1 and 2  demonstrate the effects of thermal and concentration buoyancy forces on the primary velocity for both 
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ramped temperature and isothermal plates. It is revealed from these figures that, for both ramped temperature and 
isothermal plates, u increase on increasing Gr and Gc. Gr represents the relative strength of thermal buoyancy force 
to viscous force and Gc represents the relative strength of concentration buoyancy force to viscous force. Therefore, 
Gr and Gc increase on increasing the strengths of thermal and concentration buoyancy to viscous force. Therefore, 
Gr and Gc increase on increasing the strengths of thermal and concentration buoyancy forces respectively. In this 
problem natural convection flow is induced due to thermal and concentration buoyancy forces, therefore thermal and 
concentration buoyancy forces tend to accelerate primary velocity throughout the boundary layer region for both 
ramped temperature and isothermal plates which is clearly evident from Figs. 1 and 2. 
Fig. 3. Primary velocity profiles for Hall current Fig. 4. Secondary velocity profiles for Hall current 
Fig. 5. Primary velocity profiles for Thermal radiation Fig. 6. Secondary velocity profiles for Thermal radiation 
Figs. 3 and 4 depict the influence of Hall current on the primary velocity u and secondary velocity w for 
both ramped temperature and isothermal plates. It is evident from Figs. 3 and 4 that, for both ramped temperature 
and isothermal plates, u increases on increasing m in a region near to the plate and it decreases on increasing m in 
the region away from the plate whereas w increases on increasing m throughout the boundary layer region. This 
implies that, for both ramped temperature and isothermal plates, Hall current tends to accelerate secondary fluid 
velocity throughout the boundary layer region which is consistent with the fact that Hall current induces secondary 
flow in the flow-field. Hall current tends to accelerate primary fluid velocity in a region close to the plate whereas it 
has a reverse effect on primary fluid velocity in the region away from the plate. Figs. 5 and 6 present the effects of 
thermal radiation on the primary and secondary fluid velocities for both ramped temperature and isothermal plates.It 
is evident from Figs. 5 and 6 that, for both ramped temperature and isothermal plates, u and w increase on increasing 
F. This implies that thermal radiation tends to accelerate primary and secondary fluid velocities throughout the 
boundary layer region for both ramped temperature and isothermal plates. Thus it may be concluded that thermal 
and concentration buoyancy forces, thermal and mass diffusions and thermal radiation tend to increase the thickness 
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of modified Ekmann-Hartmann boundary layer for both ramped temperature and isothermal plates. Thickness of 
modified Ekmann-Hartmann boundary layer also increases with the progress of time. The numerical values of fluid 
temperature ș are depicted graphically versus boundary layer coordinate Ș in Figs. 7-8 for various values of F and t. 
It is evident from Fig. 7 that fluid temperature ș increases on increasing F for both ramped temperature and 
isothermal plates. Thus thermal radiation tends to enhance fluid temperature throughout the boundary layer region 
for both ramped temperature and isothermal plates. This is consistent with the fact that thermal radiation provides an 
additional means to diffuse energy because thermal radiation parameter 
2
316
oV
TaF
κ
συ
∞
′
=
and, therefore, an 
increase in F implies a decrease in Rosseland mean absorption coefficient κ  for fixed values of 
∞
′T  and K. Fig. 8. 
reveal that fluid temperature ș increases on increasing t for both ramped temperature and isothermal plates. This 
implies that, for both ramped temperature and isothermal plates, thermal diffusion tends to enhance fluid 
temperature and there is an enhancement in fluid temperature with the progress of time throughout the boundary 
layer region. The numerical values of species concentration φ  are presented graphically versus boundary layer 
coordinate Ș in Fig. 9 for various values of Schmidt number Sc. It is evident from Fig. 9 that species concentration 
φ  decreases on increasing Sc. This implies that mass diffusion tends to enhance species concentration throughout 
the boundary layer region.  
Fig. 7. Temperature profiles for Thermal radiation Fig. 8. Temperature profiles for time 
Fig. 9. Concentration profiles for Schmidt number 
The numerical values of primary skin friction 1τ , secondary skin friction 2τ  are presented in tabular form in table 1 
for various values of m taking Gr = 6.0, Gc = 5.0, Pr = 0.71, F = 5.0, Sc = 0.60 , t = 0.5. and K = 0.4. It is evident 
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from this table 1, primary skin friction 1τ decreases on increasing m for both ramped temperature and isothermal 
plates. Secondary skin friction increases on increasing m for both ramped temperature and isothermal plates. This 
implies that, for both ramped temperature and isothermal plates, Hall current have tendency to reduce primary skin 
friction whereas these physical quantities have reverse effect on secondary skin friction. The numerical values of 
Nusselt number Nu are presented in tabular form in table 2 for various values of  F. It is evident for t = 0.5, Nusselt 
number Nu is proportional to both the cases i.e. Nusselt number Nu decreases on increasing thermal radiation 
parameter F. This implies that thermal diffusion and thermal radiation tend to reduce rate of heat transfer at both the 
ramped temperature and isothermal platesThe numerical values of Nusselt number Nu and Sherwood number Sh are 
presented in tabular form in table 3 for various values of Sc. Sherwood number Sh increases on increasing Schmidt 
number Sc. Since Schmidt number Sc is a measure of the relative strength of viscosity to molecular (mass) 
diffusivity of the fluid, Sc decreases on increasing molecular (mass) diffusivity of the fluid. Thus we conclude that 
mass diffusion tends to reduce rate of mass transfer at the plate. 
5. Conclusions 
An investigation of the effects of Hall current on unsteady hydromagnetic natural convection flow with heat and 
mass transfer of a viscous, incompressible, electrically conducting and optically thick radiating fluid past an 
impulsively moving vertical plate embedded in a fluid saturated porous medium, when temperature of the plate has a 
temporarily ramped profile, is carried out. Significant findings are as follows for both ramped temperature and 
isothermal plates. Hall current tends to accelerate secondary fluid velocity throughout the boundary layer region. 
Hall current tends to accelerate primary fluid velocity in a region close to the plate whereas it has a reverse effect on 
the primary fluid velocity in the region away from the plate.Thermal radiation tends to accelerate both the primary 
and secondary fluid velocities throughout the boundary layer region. Primary and secondary fluid velocities are 
getting accelerated with the progress of time throughout the boundary layer region. Thermal radiation tends to 
enhance fluid temperature and there is an enhancement in fluid temperature with the progress of time throughout the 
boundary layer region. Hall current and thermal radiation have tendency to reduce primary skin friction whereas 
these physical quantities have reverse effect on secondary skin friction. Primary skin friction is getting reduced 
whereas secondary skin friction is getting enhanced with the progress of time. Nusselt number due to temperature 
profiles is reducing with increasing of Thermal radiation parameter throughout the boundary layer. Schmidt number 
and time have tendency to reduce the Sherwood number throughout the boundary layer. The accuracy of the 
numerical solutions is very good and the values of primary and secondary velocities, temperature and concentration 
corresponding to analytical and numerical solutions are very close to each other. 
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